We analyse ALMA observations of the 12 CO(3-2) emission of the circumstellar envelope (CSE) of the Mira variable binary star W Aql. These provide, for the first time, spatially resolved Doppler velocity spectra of the CSE up to angular distances to the central star of ∼ 5 ′′ (meaning some 2000 AU). The exploratory nature of the observations (only five minutes in each of two different configurations) does not allow for a detailed modelling of the properties of the CSE but provides important qualitative information on its morphology and kinematics. Emission is found to be enhanced along an axis moving from east/west to north-east/south-west when the angular distance from the central star projected on the plane of the sky increases from zero to four arcseconds. In parallel, the Doppler velocity distribution displays asymmetry along an axis moving from east/west to north-west/south-east. The results are discussed in the context of earlier observations, in particular of the dust morphology.
INTRODUCTION
W Aql is a Mira variable star of spectral type S6,6, namely in the transition between being oxygen and carbon dominated, with a period of 490 days, a mean luminosity of ∼7000 solar luminosities and an effective temperature of ∼2000 K (Sloan & Price 1998 , Kukarkin et al. 1971 , Feast & Whitelock 2000 , Alfonso-Garzón et al. 2012 , Ramstedt et al. 2009 , Danilovich et al. 2014 .
It is one of the few AGB stars for which direct evidence for the presence of a companion has been obtained (Ramstedt et al. 2011) . A high-resolution Hubble Space Telescope 1 B-band image taken in 2004 at 435 nm ( Figure 1 ) displays a clearly resolved binary system, the companion being located in the south-west direction at about 56
• from west and at a projected distance of ∼ 0.47 ′′ from the central star. The companion is a main sequence star with an effective temperature of ∼6000 K and a mass of ∼1 M ⊙ (Danilovich et al. 2015 , Mayer et al. 2013 ). The distance from Earth is poorly known, with values between 230 pc and 610 pc being quoted in the literature (Guandalini & Busso 2008 , Wallerstein et al. 2011 , Knapp et al. 1998 , Loup et al. 1993 , Keenan & Boeshaar 1980 , Danilovich et al. 2014 , Ramstedt et al. 2009 , 2011 , Ramstedt & Oloffson 2014 , indirectly obtained from the luminosity-period relation (Whitelock et al. 1994 (Whitelock et al. , 2008 . Retaining a distance of ∼400 pc, the projected distance between the central star and its companion is of the order of ∼200 AU. The real distance may be much larger as nothing is known of the inclination of the orbital plane on the sky. As two HST images separated by 11 years do not reveal any displacement between star and companion, the orbital period is estimated to exceed ∼1000 years (Mayer et al. 2013 , Danilovich et al. 2015 .
The star has been extensively observed in the visible, the infrared, down to far infrared, and radio. Ramstedt et al. (2011) have recently detected polarized light in the visible, namely essentially light from the star scattered from the dust in its CSE. As polarization is strongly peaked about 90
• scattering, they observe the circumstellar dust in a slice containing the central star and parallel to the sky plane. Their observations reveal a clear enhancement of the emission in the south-west direction up to an angular distance of some 10 ′′ from the central star. Close to the star, up to a distance of ∼ 1 ′′ , the emission is clearly elongated around the north-east/south-west direction. While this direction corresponds to the line joining the central star to its companion in Figure 1 , a causal relation between the two directions is far from obvious as the inclination of the orbit on the sky plane is unknown. The dust mass of the south-west feature is estimated to be (assuming optically thin dust-scattering) of the order of 10 −6 M ⊙ .
Fig. 1
High-resolution HST B-band image of W Aql. The binary system is clearly resolved and the AGB star is centred. North is up and east is left. The yellow line, joining the central star to its companion, is at 56
• clockwise from east/west, the red line at 34
• counter-clockwise.
Radio single dish observations in the millimetre/sub-millimetre range include several molecular lines (Nyman et al. 1992 , Knapp et al. 1998 , Ramstedt et al. 2009 , Wallerstein et al. 2011 and Ramstedt & Oloffson 2014 . The associated line profiles cover typically a ±20 km s −1 Doppler velocity interval, giving evidence for significant winds. Danilovich et al. (2015) M ⊙ yr −1 , of the same order of magnitude as previous estimates that range between 2.2 10 −6 and 9.4 10 −6 M ⊙ yr −1 (Knapp et al. 1998 , Ramstedt et al. 2009 , De Beck et al. 2010 . The profiles are approximately symmetric with an occasional slight excess emission on the blue-shifted side, suggesting an asymmetric outflow. Continuum emission has also been observed and the dust properties have been studied up to large distances from the central star (Mayer et al. 2013) . The only interferometer observations that have been made are from the Berkeley Infrared Spatial Interferometer (ISI) at 11 µm and the Plateau de Bure Interferometer on CO molecular lines. The former use crude interferometry from three aligned antennae and find an excess of emission in the eastern half-plane for small distances from the central star, reaching to 0.5 ′′ (Tatebe et al. 2006) ; the latter are part of the COSAS programme (Castro-Carrizo et al. 2010) but have not been published yet.
Recently, ALMA observations of the CO(3-2) emission of the circumstellar envelope have been made publicly available (ALMA 0100334[3/5] ). The present work presents an analysis of these data, which provide for the first time spatially resolved Doppler velocity spectra. ′′ for a short spacing cut-off in the ALMA data, namely the flux filtered out by the interferometer, and for extended emission in the ACA data extending up to at least 22 ′′ at a typical level of ∼ 32 mJy km s −1 arcsec −2 (a constant level in R means a 1/r dependence in space). Accordingly, in what follows, we restrict the analysis of the ALMA data to angular distances from the central star not exceeding 4 ′′ (meaning ∼ 1600 AU in projected distance). panel). The latter corresponds to the APEX single dish observation of Ramstedt et al. (2009) which is also displayed in the figure (right panel). Significant differences between the ALMA and ACA data are the effect of the important short spacing problem in the former. In particular, the data integrated over the large Gaussian beam show directly that more than half of the total flux is contributed by the large distance environment of the star, at distances exceeding 4 ′′ . While the line profile observed by ACA is in good agreement with that observed in the single dish APEX data, evidence for an important slope in the central region is obtained, the red-shifted side being enhanced with respect to the blue-shifted side by ∼ 2% per km s −1 . The slope is also apparent in the ACA data when they are restricted to the central region (here a square of 1.6
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′′ × 1.6 ′′ , significantly smaller than the beam size). interval (also present in single dish data) corresponds to short distances from the central star with a clear south enhancement at ∼ 2 ′′ . Accordingly, in what follows, we restrict Doppler velocities to the interval spanning between −14 and 18 km s −1 for ALMA data. The mean velocity of the selected sample of observations is V * x =3.2 km s −1 .
MORPHOLOGY AND KINEMATICS OF THE CSE AT SHORT DISTANCES (R < 4 ′′ )
Figure 6 (left) displays the sky maps of the measured flux (flux density integrated over Doppler velocities from −14 km s −1 to 18 km s −1 ) multiplied by R for ALMA data and R < 4 ′′ . Multiplying by R would mean a uniform distribution for a 1/r 2 dependence of the emission (r being the space distance from the central star) and allows for better revealing inhomogeneities up to large distances. A clear enhancement is seen in the north-east/south-west direction, covering a broad angular range, and in the opposite direction, covering a narrower angular range. The broad enhancement is centred on ∼ 40
• in the R < 2 ′′ interval and splits in two components when R increases, respectively centred on ∼ 0
• and ∼ 90
• in the 2 ′′ < R < 4 ′′ interval. This is also clearly seen in Figure 7 where the measured flux has been averaged over R < 2 ′′ and 2 ′′ < R < 4 ′′ separately in 15
• wide ϕ bins. and 18 km s −1 and shifted by V * x to be centred on zero) for ALMA data and R < 3.5 ′′ ; large pixel sizes (1 ′′ × 1 ′′ ) are used in order to keep reasonable signal to noise values in each pixel. A clear asymmetry is revealed along the direction perpendicular to the line joining the central star to its companion, the south-east hemisphere being red-shifted and the north-west hemisphere blue-shifted. Again, this is clearly seen in Figure 7 which displays the ϕ-distribution of the mean Doppler velocity averaged over R < 2 ′′ and over 2 ′′ < R < 3.5 ′′ separately and shifted by V * x to be centred on zero for ALMA data. Positive velocities are observed over a broad angular range in the south-east direction and negative velocities over a narrower angular range in the north-west direction. Sine wave fits of the form < V x − V * x >= V 0 + V 1 cos(ϕ − ϕ 0 ) give V 0 = 0.87 km s −1 , V 1 = 0.75 km s −1 and ϕ 0 = 176 • for R < 2 ′′ and V 0 = −1.23 km s −1 , V 1 = 1.71 km s −1 and ϕ 0 = 128 • for 2 ′′ < R < 4 ′′ . However, the quality of the fit is poor in the latter case, the distribution being split in two maxima centred at ∼ 100
• and ∼ 190
• respectively. to be centred on zero) for ALMA data and R < 3.5 ′′ ; large pixel sizes (1 ′′ × 1 ′′ ) are used in order to keep reasonable signal to noise values in each pixel. The line joining the central star to its companion is shown as a black arrow and the other black line is perpendicular to it. The colour scales are in Jy km s −1 arcsec −1 and km s −1 respectively. Figure 8 shows position-velocity diagrams in the V x vs ϕ plane for ALMA data averaged over R < 2 ′′ and over 2 ′′ < R < 4 ′′ separately. What we call here a position-velocity diagram is different from what is normally meant by this term in the literature, namely a plot of the Doppler velocity as a function of a cut in the sky plane containing the source. However, it carries information of a similar nature and is particularly relevant when the radial dependence of the Doppler velocity is not too strong. As previously, V x has been shifted by V * x to be centred on zero. The sine wave fits displayed on Figure 7 (right) are shown in Figure 8 with amplitudes multiplied by 5. In the first case, the maxima of emission correspond approximately to the extrema of velocity while in the second case they are in approximate quadrature with the extrema of velocity. Qualitatively, the situation can be summarized as follows: when scanning across the R < 4 ′′ interval, one evolves from a morphology elongated along the east/west direction with a velocity gradient directed along this same direction to a morphology elongated along the north-east/south-west direction (with a broad enhancement south-west and a narrow enhancement north-east) and a velocity gradient directed along the perpendicular to it. Moreover, the R < 2 ′′ region is red-shifted with respect to the 2 ′′ < R < 4 ′′ region by ∼ 2.1 km s −1 . Figure 9 (left) shows the R distribution of the flux averaged over ϕ for ALMA data. An exponential fit of the form A 0 e −R/R0 for R < 3 ′′ gives A 0 = 4.18 Jy km s −1 arcsec −2 and R 0 = 1.08 ′′ . The inhomogeneities apparent in the left panel of Figure 6 , where the flux is multiplied by R, are too small to be visible. The drop beyond 4 ′′ is the effect of the short spacing problem. Also shown in Figure 9 (right) is the dependence on R of < V x − V * x >. It decreases rapidly when R exceeds ∼ 1.5 ′′ .
Fig. 7
Left panel: ϕ-distribution of the measured flux for ALMA data and R < 2 ′′ (black) and 2 ′′ < R < 4 ′′ (red, multiplied by 2). The arrows indicate approximate locations of the centres of the observed enhancements (30
• and 200
• in the first case, 0
• , 90
• and 230
• in the second). Right panel: ϕ-distribution of the mean Doppler velocity averaged over R < 2 ′′ (black) or over 2 ′′ < R < 4 ′′ (red) and over −14 < V x < 18 km s −1 (shifted by V * x to be centred on zero) for ALMA data. The arrows indicate approximate locations of the centres of the observed velocity enhancements, 176
• in the first case, 110
• , 200
• and 290
• in the second). The horizontal lines indicate the mean values of < V x − V * x > in each of the two R intervals, respectively 0.9 and −1.2 km s −1 . x has been corrected to be the mean value of V x in the relevant R-bin. They show very clearly the evolution of the flux maximal elongation from ∼ 10
• above west to ∼ 10
• below north-west and that of the maximal velocity asymmetry from west to ∼ 20
• above north-west.
MORPHOLOGY AND KINEMATICS OF THE CSE AT LARGE DISTANCES
The dusty CSE of W Aql is known to extend up to large distances, typically 50 ′′ east and 70 ′′ west, contained within an envelope described as a spiral by Mayer et al. (2013) . From Mamon et al. (1988) we obtain an effective UV dissociation distance for CO molecules r 1/2 ∼ 1.5 10 17 cm, meaning ∼ 10 4 AU or ∼ 25 ′′ . The ϕ-distribution of the flux measured with the compact ACA array is displayed in Figure 11 for three R intervals, 5 ′′ to 10 ′′ , 10 ′′ to 15 ′′ and 15 ′′ to 20 ′′ . They show clear enhancements in the western half-plane for 5 ′′ < R < 10 ′′ , joining smoothly with the enhancements observed in Figure 6 (left) for R < 4 ′′ , and at ±60
• from east for 15 ′′ < R < 20 ′′ , joining smoothly with the eastern enhancement observed by Mayer et al. (2013) for R > 20 ′′ (Figure 12 left) .
Fig. 11
Distribution on ϕ of the flux measured with the compact ACA array, averaged over 5 ′′ < R < 10 ′′ (left), 10 ′′ < R < 15 ′′ (centre) and 15 ′′ < R < 20 ′′ (right).
Fig. 12
Left: large scale environment of W Aql observed by Mayer et al. (2013) at 70 µm from Herschel/PACS. Right: velocity spectra averaged over the enhancements displayed in Figure 11 : 5 ′′ < R < 10 ′′ and |ϕ| < π/2 (black) and 15 ′′ < R < 20 ′′ and |ϕ-π| < π/3 (red). compared with V * x =3.2 km s −1 obtained at small distances from the central star for ALMA data. The present data do not allow for drawing a more detailed picture of the CSE at large distances from the star.
DISCUSSION AND SUMMARY
The analyses of the preceding sections show clearly that longer observation times, preferably including lines associated with several CO excitations, are needed in order to reach a reliable and detailed understanding of the morphology and kinematics of the CSE of W Aql. Yet, some qualitative but important results have been obtained that bring significant new information at the same time as they raise new questions.
The important slope of the line profile in the central region, of the order of 2% per km s −1 , is a surprising observation as is the rapid decrease of < V x > with R when R exceeds ∼ 2 ′′ . This may be an effect of optical thickness, which is expected to affect more strongly small values of R, therefore to increase the measured value of the apparent mean Doppler velocity at small values of R. If such is the case, it raises the question of the importance of optical thickness on the interpretation of the results presented in the preceding sections. To a first approximation, one would expect the ϕ-dependence of the measured quantities at fixed values of R not to be much affected.
The measurement of the star velocity in the local standard of rest (LSR) frame is made difficult by the variability of the star and its interaction with its companion. Mayer et al. (2013) Danilovich et al. (2014) , namely a good agreement given the measurement uncertainties, in particular the dependence on R, probably the effect of optical thickness.
The large mass loss rate of W Aql has significantly shaped its CSE away from spherical. The complex structure of the wind velocity field suggests that different regimes have dominated over time. The approximate coincidence between the projected position of the companion and the direction of the dominant winds may be accidental: to decide on this important issue requires more detailed information than available here.
A velocity gradient along a direction projecting at position angle ϕ 0 in the plane of the sky may be interpreted, among others, as an expansion along an axis projecting at position angle ϕ 0 or as a rotation about an axis projecting at position angle ϕ 0 + π/2. In both cases the axis should have a significant inclination with respect to the line of sight for the gradient to be observed. At short distances (R < 4 ′′ ) the present data do not allow for choosing between these two interpretations, or possibly suggesting a different one.
When new ALMA data will become available, the understanding of the properties of the CSE of W Aql will require the use of a model taking due account of radiative transfer in order to properly describe the effect of absorption at short projected distances from the central star, as the measured line profile, and its dependence over R, suggest significant optical thickness in this central region. For the model parameters, in particular the temperature, to be well constrained by observations, it will be necessary to observe emission from at least two different rotational lines of the CO molecule.
The presence of spikes at the extremities of the Doppler velocity distribution, for |V x | between ∼ 14 and ∼ 20 km s −1 , is not understood. While the blue-shifted spike is enhanced at small distances south of the central star ( Figure 5 ), no similar enhancement can be revealed for the red-shifted spike.
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